We have observed 104 gravitationally-lensed quasars at z ∼ 1-4 with Herschel/SPIRE, the largest such sample ever studied. By targeting gravitational lenses, we probe intrinsic farinfrared (FIR) luminosities and star formation rates (SFRs) more typical of the population than the extremely luminous sources that are otherwise accessible. We detect 72 objects with Herschel/SPIRE and find 66 percent (69 sources) of the sample have spectral energy distributions (SEDs) characteristic of dust emission. For 53 objects with sufficiently constrained SEDs, we find a median effective dust temperature of 38 +12 −5 K. By applying the radio-infrared correlation, we find no evidence for an FIR excess which is consistent with star-formationheated dust. We derive a median magnification-corrected FIR luminosity of 3.6 +4.8 −2.4 × 10 11 L and median SFR of 120 +160 −80 M yr −1 for 94 quasars with redshifts. We find ∼ 10 percent of our sample have FIR properties similar to typical dusty star-forming galaxies at z ∼ 2-3 and a range of SFRs <20-10000 M yr −1 for our sample as a whole. These results are in line with current models of quasar evolution and suggests a coexistence of dust-obscured star formation and AGN activity is typical of most quasars. We do not find a statistically-significant difference in the FIR luminosities of quasars in our sample with a radio excess relative to the radio-infrared correlation. Synchrotron emission is found to dominate at FIR wavelengths for < 15 percent of those sources classified as powerful radio galaxies.
INTRODUCTION
Key to the study of galaxy formation and evolution is understanding the physical processes that drive star formation and the growth of active galactic nuclei (AGN). The concurrence of these phenomena is thought to relate a coevolution driven by feedback from the AGN, which may quench or induce star formation in the host galaxy through interactions with the interstellar medium. h.r.stacey@astro.rug.nl The mechanism of feedback may involve mechanical energy injection via AGN-driven jets, called 'jet-mode' or 'radio-mode' (Bicknell et al. 2000; Klamer et al. 2004) , or radiative energy injection via winds, called 'quasar-mode', although these processes are not well understood (see Alexander & Hickox 2012, for review) .
Hydrodynamical simulations of galaxy formation Hopkins et al. 2005; Bower et al. 2006 ) and various observational studies (for example Page et al. 2004; Stevens et al. 2005; Coppin et al. 2008 ) support an evolutionary model, initially proposed by Sanders et al. (1988) and developed more recently by Hopkins et al. (2008) , in which quasars are formed as a result of gas-rich major mergers. According to this scenario, luminous dusty star-forming galaxies (DSFGs) are merger-driven starbursts that represent a transition phase into dust-obscured quasars. Over time, feedback effects strip the quasar host galaxies of gas and dust, and the quasars become unobscured and ultraviolet (UV) luminous. These leave passive spheroidal galaxies when the quasar exhausts its supply of cold gas.
Quasars that are luminous in the far-infrared (FIR) to mm regime are therefore predicted to be in a transition phase of their evolution with high rates of dust-obscured star formation. Studying the properties of these sources can provide important information about the evolutionary process, particularly when compared to the large population of extreme starburst galaxies that were discovered through blind surveys with the Submillimetre Common-User Bolometer Array (SCUBA), Herschel Space Observatory and now the Atacama Large Millimetre/sub-millimetre Array (ALMA).
Studies of FIR-luminous quasars, such as those in the SCUBA Bright Quasar Survey (Isaak et al. 2002; Priddey et al. 2003) and MAMBO/IRAM-30 m Survey , and more recent studies of quasars detected with Herschel/SPIRE (Pitchford et al. 2016 , for example) have found that these quasars are embedded within gas-and dust-rich starbursting galaxies, with star formation rates of ∼1000 M yr −1 , comparable to FIR-detected DSFGs. The low spatial density of FIR-luminous quasars, relative to DSFGs and UV-luminous quasars, has led some to argue for a quick transition from starbursting DSFG to an AGN-dominated quasar, with the FIR-luminous quasar phase being less than 100 Myr, and perhaps as short as ∼1 Myr (Simpson et al. 2012 , for example). However, studies of individually-detected quasars have mostly focused on significantly bright sources due to limitations in sensitivity or source confusion. While some recent progress has been made with the improved sensitivity and resolution of ALMA (Harrison et al. 2016; Banerji et al. 2017; Scholtz et al. 2018) , resolutions of 100-pc are required to spatially resolve regions of star formation and AGN-heating, which are still difficult to attain for the high-redshift Universe.
Other studies have instead used stacking to investigate the mean star formation properties of quasar host galaxies. These studies, which account for redshift and stellar mass, find no significant correlation between star formation and AGN activity, and find SFRs comparable to normal star-forming galaxies that lie on the galaxy main sequence (Rosario et al. 2013; Azadi et al. 2015; Stanley et al. 2017) .
The next logical step in understanding the properties of quasar host galaxies at all luminosities requires an investigation of lower surface-brightness sources. Many of the limitations of confusion and sensitivity can be mitigated by observing quasars that have been magnified by a gravitational lens.
The advantages of observing strong gravitationally-lensed quasars are three-fold. The first is that magnification effects increase the apparent flux-density such that a magnification factor of ∼10 the reduces integration time by a factor of ∼100. Sources with intrinsic flux densities below the confusion limit of field quasars can therefore be observed, probing the fainter end of the luminosity function (Impellizzeri et al. 2008 , for example). The second advantage is the increase in apparent surface area, which combined with source reconstruction methods, allow source structure to be probed on much smaller physical scales (Rybak et al. 2015a,b, for example) . A third advantage is that gravitational lensing has different systematic biases compared to field sources; while field observations tend to bias high luminosity or low-redshift sources, gravitationally-lensed sources are more biased towards compact higher redshift sources (typically z > 1) and less biased towards high intrinsic luminosities 1 (Swinbank et al. 2010, for example) . In combination, these methodologies allow for a more complete view of the quasar population to be constructed.
In this paper, we have targeted a sample of strong gravitationally-lensed quasars with the Herschel Space Observatory (Pilbratt et al. 2010 ) and derive their dust temperatures, intrinsic FIR luminosities and dust-obscured SFRs. Previous work in this area has been undertaken by Barvainis & Ivison (2002) , who detected 23 of 40 gravitationally-lensed quasars and radio galaxies in their sample at 850 µm with SCUBA. They found dust emission broadly comparable to radio galaxies, in line with the AGN unification model, and no statistically-significant difference AGN classified as powerful radio galaxies, as would be expected if they have the same host galaxy properties. We have observed 104 lensed quasars, including 37 of the Barvainis & Ivison sample, detecting 72 sources in at least one band with the Herschel/SPIRE. As our data cover shorter wavelengths, we are also able to determine the dust temperatures for the first time and infer whether the heated dust is due to star formation or AGN activity.
In Section 2, we present our sample selection, the relevant properties of the quasars in our sample, the parameters of the observations, and our data reduction methods. In Section 3, we report the results of the photometric measurements and the analysis of the radio-to-FIR spectral energy distributions (SEDs) of the sources. In Section 4, we show that the SEDs are consistent with dust heating due to star formation in the quasar host galaxies, and we compare our results with a sample of DSFGs at similar redshifts. Here, we also consider the contribution to the total radio emission from star formation processes for these quasars by considering the infraredradio correlation. Finally, in Section 5 we present a summary of our results and discuss the future work that we will carry out with this sample.
Throughout, we assume the Planck Collaboration et al. (2016) instance of a flat ΛCDM cosmology with H 0 = 67.8 km s −1 Mpc −1 , Ω M = 0.31 and Ω Λ = 0.69.
SAMPLE & OBSERVATIONS
In this section, we describe our sample of gravitationally-lensed quasars and present the observations that were carried out using the Herschel Space Observatory.
Sample selection
Our sample consists of all of the gravitationally-lensed quasars that were observed with the Herschel Space Observatory (Pilbratt et al. 2010 ) using the Spectral and Photometric Imaging Receiver (SPIRE) instrument (Griffin et al. 2010) . The vast majority of the observations came from our own open time project (Proposal ID: OT1_abercian_1) . At the time of the proposal, these included all known quasars lensed by foreground galaxies. The majority of the sample are identified spectroscopically to be quasars, although some are identified as powerful radio galaxies without detections of prominent emission lines 2 . These sources are listed in the Sloan Figure 1 . (left) The redshift distribution of 94 objects in our sample with known redshift, which has a median redshift of 1.8. (right) The lensed image separations, in arcsec, which have a median of 1.5 (excluding SDSS J1029+2623 which has a maximum image separation of 22.5 arcsec).
Digital Sky Survey Quasar Lens Search (SQLS) catalogue and CASTLES database (Inada et al. 2012; Kochanek et al. 1999) and come from a variety of surveys at optical and radio wavelengths. Our sample is quite heterogeneous given the nature of the different surveys from which the targets were selected, but its size will allow us to draw representative conclusions on the relative FIR properties of jet-dominated and SF-dominated quasars, and provides a large parent sample from which further higher resolution observations of interesting individual objects can be made. In total, there are 104 lensed quasars in our sample, the relevant properties of which are presented in Table A1 of the Appendix. The redshift distribution and maximum image separations of the lensed quasars in our sample are presented in Fig. 1 . The full width at half maximum (FWHM) of the point spread function (PSF) in each band is 18, 24 and 35 arcsec for the 250, 350 and 500 µm bands, respectively. Therefore, all but 3 of our sample (Q0957+561, RX J0921+4529 and SDSS J1029+2623) have separations between the lensed images that are <1/3 of the smallest Herschel/SPIRE beam size, and can therefore be considered point sources for our study. The sample was observed in small map mode with one scan repetition per source, with a total integration time of 2-3 min per target, such that a source of 50 mJy will be detected at the 5σ level in the 500 µm band.
Of our quasar sample, 21 have 850 µm detections and 11 have 450 µm detections with SCUBA by Barvainis & Ivison (2002) . Assuming magnifications from the literature and spectral energy distributions (SEDs) described by Yun & Carilli (2002) (T d = 58 K, β = 1.35), nearly all of these detected sources (15 at 250 and 350 µm, 18 at 500 µm) would be below the confusion limits of Herschel/SPIRE were they not gravitationally-lensed. It is therefore likely that the quasar population with intrinsic fluxes below those of previously detected field sources will be revealed in this study. Moreover, while SCUBA measurements lie on the RayleighJeans side of the thermal SED, the Herschel/SPIRE bands allow for better constraints on the peak of the SED, and thus, more accurate estimates of the characteristic FIR-luminosities and dust temperatures of the sample. We note that the previous study by Barvainis & Ivison assumed a dust temperature of 30 K for their sample, which may have biased their estimates of the FIR luminosities and inferred star formation rates.
Radio properties
Radio emission from quasars may be associated with AGN (synchrotron) or star formation (synchrotron, free-free) processes. Quasars with radio jets are associated with jet-mode feedback, whereas quasars without these features are primarily radiative, so it is convenient to classify our sample based on their radio properties. There is a range of terminology and methods of classification employed in the literature to distinguish these groups, typically radio-'loud' and radio-'quiet' based on radio luminosity or radio-optical ratio. However, we find it more appropriate to group these by considering the operative feedback mechanisms. We have divided the sample into jetted (quasars with known jet-dominated radio emission) and non-jetted (quasars with star-formation-dominated radio emission and those where the dominant radio emission mechanism is unknown) dependent on whether there has been confirmation of the existence of a radio jet component with high-resolution radio data. For this, we have used the data from targeted observations for individual objects in the literature. Of the 34 quasars within the sample that we classify as jet-dominated radio sources, 31 are from the MIT-Green Bank Survey (Langston et al. 1990, MG) , the Jodrell Bank-VLA Astrometric Survey (Patnaik et al. 1992 , JVAS), the Cosmic Lens All-Sky Survey (Myers et al. 2003; Browne et al. 2003, CLASS) , the Parkes-NRAO-MIT survey (Griffith & Wright 1993 , PMN) and other radio surveys, all of which are dominated by radio-luminous AGN due to their respective flux-density limits. The remaining three sources are Q0957+561 (Garrett et al. 1994 ), H1413+117 (Stacey et al. in prep) and HS 0810+2554 (Hartley et al. in prep) .
At low radio luminosities, composite AGN and star formation emission are likely, and differentiating between these possibilities is difficult. We define only two sources in our sample with established star-formation-dominated radio emission, RX J1131−1231 and IRAS F10214+5255. VLBI experiments to detect the radio core of these quasars suggest the radio emission is primarily due to star formation (Wucknitz & Volino 2008; Deane et al. 2013) . In all other cases, the emission mechanism is undetermined, either because they are not detected at radio wavelengths or the detections are at too low an angular resolution to discriminate between compact (AGN) or extended (star formation) emission. We obtain the majority of these measurements from the National Radio Astronomy Observatory (NRAO) Very Large Array (VLA) Sky Survey (Condon et al. 1998, NVSS) and the Faint Images of the Radio Sky at Twenty-Centimeters (Becker et al. 1995, FIRST) , both at 1.4 GHz and with beam sizes of 45 and 5 arcsec, respectively.
We show the rest-frame 1.4 GHz radio luminosities for the sample in Fig. 2 . We include all quasars without evidence of jetdominated radio emission in the non-jetted subsample for the time being, but refine these classifications using the radio-infrared correlation in Section 4.3.
Photometry
The sources have been observed with the Herschel/SPIRE instrument in three bands centred on 250, 350 and 500 µm, which effectively cover the rest-frame spectrum from 40 to 394 µm for the Figure 2 . The rest-frame 1.4 GHz radio luminosity-density (interpolated or extrapolated from existing data) as a function of redshift for 92 objects in our quasar sample with radio measurements and a known redshift. Most of the upper limits are taken from FIRST or NVSS. The jetted subsample, with known jet-dominated radio emission, are shown in red. The non-jetted subsample includes two quasars with star-formation-dominated radio emission (shown in green) and 67 with unknown radio emission mechanism (shown in blue). redshift range of our sample. The calibrated data were obtained from the Herschel Science Archive using the Herschel Interactive Processing Environment (HIPE) (Ott 2010 ) version 14.0.0. The photometry was performed using the SUSSEXtractor and Timeline Fitter algorithms within HIPE (Savage & Oliver 2007; Bendo et al. 2013 ) using recommendations in the SPIRE Data Reduction Guide 3 . The Timeline Fitter performs point source photometry by fitting Gaussians to the baseline subtracted timeline samples, given source locations on the sky. The SUSSEXtractor method extracts point sources from the beam-smoothed, calibrated maps. We set a threshold of 3σ, where σ is the RMS noise of the background around the source. While the Timeline Fitter gives more precise measurements and was the preferred method, SUSSEXtractor was occasionally more successful at extracting lower flux-density sources (S ν 30 mJy). We place a detection limit of 3σ on the photometric measurements, where σ is the RMS noise 3 http://herschel.esac.esa.int/hcss-doc-14.0/print/spire_ drg/spire_drg.pdf of the map, including confusion, given that we know the positions of the gravitational lens systems.
We explored the possibility of fixing the positions of source extraction with SUSSEXtractor to the 'true' sky positions in order to avoid an upward bias due to fitting to random noise spikes. While the effect of this is reduced as SUSSEXtractor fits to beamsmoothed maps, it has been noted to cause a bias in submillimetre measurements where the signal-to-noise ratio is low Coppin et al. 2005 , for example). As we would expect, there is a systematic upward shift in the flux densities measured when the position is left free. However, the change is generally not more than 10 percent and within the photometric errors. We choose not to employ this method as we find there are often significant uncertainties on both the Herschel astrometry and the 'true' source position from the literature. We compared the extracted source positions of the five FIR-bright objects from our sample detected in ALMA to their ALMA positions (which have accurate and precise astrometry due to phase-referencing) and find offsets up to several arcsec. This is consistent with other findings in the literature (Melbourne et al. 2012 , for example). We also find differences as much as several arcsec in the positions from optical or X-ray positions in the literature relative to the ALMA positions. There is an additional positional uncertainty as the targets are gravitationally-lensed with a range of image separations (Fig. 1) . Thus, the result of fixing the position for source extraction would be a systematic down-shift of the extracted source flux densities. This bias can be more significant than the bias due to noise spikes and, as many sources are close to the detection limit, this would have a negative effect on the analysis. In any case, these uncertainties in the photometry are far lower than the uncertainties in the FIR luminosity and SFR due to SED fitting and the unknown magnification factor of the lensed systems (see Sections 3.4 and 3.3).
Source matching and confusion
Due to the sizes of the Herschel/SPIRE beams, we must also consider the contribution to the measured flux densities from field galaxies, including sources not associated with the target quasars or their lensing galaxies. For example, this could be due to dustobscured star formation or AGN activity within the lensing galaxy at mm-wavelengths as has been seen in three gravitational lenses observed at high angular resolution with ALMA (ALMA Partnership et al. 2015; Paraficz et al. 2017, McKean et al. in prep) . We also note that at radio wavelengths, about 10 percent of lensing galaxies have detected synchrotron emission from an AGN (McKean et al. 2005 (McKean et al. , 2007 .
We take a series of steps to match the photometric data with our target quasars. We compare the extracted source position from SUSSEXtractor or the Timeline Fitter algorithm with the 'true' position of the lensing galaxy (where there is good astrometry, else the brightest lensed image) taken from the NASA Extragalactic Database (NED). We rejected extracted sources whose positional offsets are larger than half the FWHM of the SPIRE beam. We allow for some freedom in source fitting to allow for the combined uncertainties on the Herschel pointing, the 'true' source position, and source fitting. The extracted source positions are then crosschecked with nearby sources listed on NED to minimise the possibility of mis-matching. In addition to this, we use detection in the 250 µm band (which has the highest resolution and lowest confusion noise) as a prior to confirm a match at 350 µm and 500 µm 4 . This strategy reduces the likelihood of contamination from field sources, but does not exclude the possibility of emission from the lensing galaxy or a nearby unknown FIR-bright field source being included in our photometric measurements.
While most of the targets appear uncontaminated, in some cases, blending is evident in the level 2 (fully calibrated) maps by visual inspection. For example, individual sources may be resolved in the higher resolution 250 µm maps, but become blended in the 500 µm band where the beam is largest. The blending results in over-fitting by the source extractor and returns incorrect flux densities. We attempt to overcome this by simultaneously fitting to both the known target position and the blended source using the Timeline Fitter, where possible, then applying the same source matching criteria. Where this fails, we use SUSSEXtractor and fix the extracted position to the 'true' target position and blended source position (if known).
We can further identify confusion or mismatching by comparison of the Herschel/SPIRE data with the source SED. It is likely, based on inspection of their spectra, that we are unable to remove blended emission completely for 8 sources: CLASS B0712+472, CLASS B0850+054, SDSS J0903+5028, CLASS B1152+200, Q 1208+101, CLASS B1359+154, SBS 1520+530 and Q 2237+030 (SEDs for all but CLASS B0712+472 are given in Fig. B1 of the Appendix). In the cases of CLASS B0712+472 and Q 2237+030, there is too much blended emission to confidently measure the quasars, so we assume upper limits for all three bands by measuring the off-source RMS noise of the maps. For CLASS B1152+200 this is the case at 350 µm and 500 µm. The remaining sources appear to have an additional contribution to their 500 µm measurement that is inconsistent with thermal dust emission or with synchrotron emission, based on their radio measurements. This may be due to errors in fitting to the blended source or further blending with nearby field sources. We identify known sources within a few arcsec of SDSS J0903+5028, Q 1208+101, Q 2237+030 that could be responsible and do not find evidence of confusion from the lensing galaxy for these objects. While SBS 1520+530 does have a star-forming lensing galaxy, the measured 500 µm flux-density implies a flat spectrum that is inconsistent with the upper limits in the sub-mm/mm. In these cases, we assume upper limits for the 500 µm measurements that include confusion.
Almost all of the ancillary data that is used to derive the source SEDs is taken from literature, which typically consists of high resolution, targeted observations at mm-to-radio wavelengths, and lower resolution surveys at radio wavelengths. Where sources are detected and unresolved, we cannot be certain that they relate to a single source (the target, as opposed to a nearby companion or the lensing galaxy) without higher resolution observations on about arcsec-scales. The detections at 250 µm are matched to unique radio detections using the same matching criteria described previously, and these are assumed to relate solely to the quasar based on the assumptions that i) the spatial density of quasars is lower than DSFGs, and so we are likely observing a single source rather than multiple sources, and ii) as these quasars are intrinsically bright and gravitationally-magnified, any companion would have to be similarly bright to contaminate our measurements, which is unlikely. Of course, further observations at higher angular resolution with mmwavelengths interferometers will better match the FIR emission detected here with the optical-to-radio counterparts of the quasars. However, throughout this paper we assume that the quasar is the sole source of the position-matched FIR emission detected with Herschel/SPIRE.
RESULTS & ANALYSIS
In this section, we present the photometric results and describe the SED fitting analysis used to determine the physical properties for each gravitationally-lensed quasars within our sample.
Herschel/SPIRE measurements
The Herschel/SPIRE photometry for all of the sources observed in our sample is detailed in Table A1 of the Appendix, and their SEDs, using all available data points, are shown in Fig. B1 in the Appendix. Of the 104 sources observed, 72 are detected in at least one band down to a detection threshold of 3σ. Upper limits are given for those sources not detected at this confidence level. Of the sample, 10 targets suffer from contamination from the lensing galaxy or nearby field sources, which is apparent from their spectral properties and known properties of the lensing galaxies or nearby sources. This mostly affects the 500 µm band, due to the larger FWHM of the point spread function and their rising synchrotron spectra at longer wavelengths (see Section 2.4).
The measured flux-density distribution for each of the bands, separated by their radio properties, is shown in Fig. 3 and the number of detections is given in Table 1 . We use the two-sample Kolmogorov-Smirnov (K-S) test to compare whether the measured Figure 3 . Number of sources binned by measured flux-density for the three Herschel/SPIRE bands, divided into jetted (blue) and non-jetted (red) sub-samples. 1.5 σ limits of non-detections are stacked on top of the measured values and outlined with a dashed line. Note that PKS 1830−211 is excluded, for clarity, due to its high flux-density (S 250 µm = 537 mJy, S 350 µm = 670 mJy, S 500 µm = 806 mJy).
flux densities of the subsamples are consistent with the same underlying distribution. For all K-S tests in this work we employ a Peto-Prentice Generalized Wilcoxon method 5 for censored data using the twosampt task in the STSDAS statistics package within iraf. The test returns a probability (p) for the null hypothesis, for which p < 0.05 we take as statistically-significant. For our subsamples, the test returns probabilities of 0.44, 0.57 and 0.75 for the distributions of measured flux densities at 250 µm, 350 µm and 500 µm, respectively. While the detection rates are slightly higher for the jetted quasars, the differences between the subsamples are not statistically-significant.
Spectral slopes
In Figs. 4 and 5, we show the spectral index between 850 and 500 µm (α 850 µm 500 µm ) and 500 and 250 µm (α 500 µm 250 µm ) 6 . 74 objects in our sample have detections in the FIR to sub-mm, including the 72 Herschel/SPIRE detected sources and a further 2 which have only 5 We employ this method as it is usually the most reliable and least affected by differences in the censoring patterns. 6 The spectral index is defined as a power-law, S ν ∝ ν α , where S ν is fluxdensity and ν is frequency.
sub-mm detections. In most cases, we find evidence for heated dust emission: of these 74 objects, we ascribe the emission in 69 cases (66 percent of the sample) as being due to thermal dust emission from their rising or peaking spectra in FIR with frequency, relative to their sub-mm/mm/radio emission.
Of the five remaining sources that are detected in at least one band, there is no clear evidence for heated dust emission in the current data (see Fig. B2 for their SEDs). These sources are CLASS B1030+074, JVAS B0218+357, PKS 1830−211, PMN J1838−3427 and PMN J1632−0033. These sources do not have rising spectra in the FIR and have strong flat-spectrum synchrotron emission in the radio. Unfortunately, these sources were not observed by the SCUBA and MAMBO surveys or were discovered too late to be part of the Barvainis & Ivison (2002) sample. Without measurements in the sub-mm regime, it is not clear how the synchrotron component falls off towards the FIR. In the cases of CLASS B1030+074, JVAS B0218+357 and PKS 1830−211, the flat-spectrum component continues into the mm-regime, so it is likely there will be a significant contribution from opticallythin synchrotron emission in the Herschel/SPIRE measurements (SED fitting of PKS 1830−211 is discussed further in C4 of the Appendix). PMN J1838−3427 and PMN J1632−0033 do not have enough high-frequency data to extrapolate their spectra into the FIR. It is possible these sources have spectra comparable to 
Rising thermal dust
Peaking thermal dust Sync + dust Figure 5 . Spectral index of high-to-mid against mid-to-low Herschel/SPIRE for 63 sources with 250 µm and 350 µm detections. The positive quadrants contain rising spectra associated with dust. 3 sources with falling spectra from 350 to 500 µm may have contamination from synchrotron emission, as discussed in Section 3.2. Lower limits due to nondetections at 500 µm are shown in blue. The plot excludes PKS 1830−211 due to its steep negative spectral index (α = −0.5).
CLASS B1127+385 or CLASS B1152+200, where sub-mm measurements or upper-limits dictate that synchrotron emission does not have a significant contribution in the FIR (see Fig. B2 of the Appendix for their SEDs). JVAS B0218+357 and PMN J1838−3427 have measurements that appear characteristic of peaking dust emission, but this could also be explained by variability or a selfabsorbed synchrotron component. We fit thermal SEDs to the Herschel/SPIRE measurements for these five quasars to place upper limits on a possible contribution of heated dust to the FIR emission.
Magnifications
To derive the intrinsic properties of the quasars in the sample, the measurements must be corrected for their lensing magnification. Generally, these are obtained from the literature and are typically derived from an analysis of optical or radio gravitational lensing data. However, optical and radio components of quasars tend to be compact (size scales of pc to a few 10s of pc), and can result in very high magnification factors if the source is close to a lensing caustic. For example, JVAS B1938+666 has a radio magnification factor of 173 (Barvainis & Ivison 2002) , whereas the 2.2 µm infrared emission from the AGN host galaxy has a magnification of about 13 (Lagattuta et al. 2012 ). This presents a problem for accurately estimating the properties of this sample of gravitationallylensed quasars at FIR to sub-mm wavelengths, as the size scales of AGN emitting regions may be anywhere from ∼pc (in the case of the AGN core) to ∼kpc (radio jets or a star-forming disk). Where the radio or optical magnifications are high, it is likely that the dust emission (assuming it is coincident with the quasar) will be differentially magnified as only a small region will be close to the caustic and the overall magnification will be lower. Magnifications derived from optical or radio data are therefore unlikely to be accurate indicators of the actual dust magnification. Only a few quasars in our sample have high-resolution observations in the FIR to sub-mm regime, thus we list the source properties given in Tables A1 and A2 uncorrected for lensing magnification. Known magnifications (µ SF ) in the FIR to sub-mm, based on dust or molecular gas tracers relating to star-forming regions, are given in Table 2 . We assume that cold molecular gas has a similar extent, thus similar average magnification, as the star formation heated dust emission. Only two of the sources in the sample have resolved dust emission related to star formation. These are the Cloverleaf quasar and RX J0911+0551, which have magnifications of 11 and 19, respectively 8 . For the intrinsic properties discussed below, we conservatively assume a magnification of µ est. = 10
for the sources without known magnifications. This is consistent with lens modelling of dust emission in Herschel-selected stronglylensed star-forming galaxies: Bussmann et al. (2013) find total magnification factors 2-15 (μ = 8) for a sample of 20 observed with the Submillimeter Array (SMA), and Dye et al. (2017) find magnifications factors 4-24 (μ = 12.5) in a sample of six observed with ALMA.
Magnifications of more than 20 are unlikely if the sources are extended more than ∼ 200 pc, as discussed in the Barvainis & Ivison study. The two sources in our sample with reconstructed dust emission, RX J0911+0551 and the Cloverleaf quasar, both have Table 2 . Magnification values from the literature, with errors where given, and the data with which the lens modelling is performed (line or continuum). CO line emission is assumed to have a similar location and extent as star-formation-heated dust emission, thus a similar magnification. 2.5 CO(2-1) Carilli et al. (2003) dust emitting regions of ∼ 1 kpc in size (Tuan-Anh et al. 2017, Stacey et al. in prep) . Assuming these sizes are characteristic, our assumption of µ est. = 10 +10 −5 is likely representative of the magnifications of the sample, including a conservative uncertainty to account for outliers, and will provide an indication of the unlensed properties of the sample as a whole. The median values of the intrinsic properties we derive in the following analyses do not account for the factor of 2 error in the magnification because the assumption is taken for all but seven objects.
SED modelling
To constrain the physical properties of the FIR emission in each quasar host galaxy, we fit a combined non-thermal and thermal SED model to the Herschel/SPIRE data, along with any available data in the literature, excluding our measurements that are affected by confusion, as noted in Table A1 . This model will account for any synchrotron component, in the case of the jetted targets, and any heated dust component of the SED. We use a power-law with spectral index α,
to describe the flux-density (S ν ) as a function of frequency (ν) in the case of synchrotron emission. We do this only to estimate the contribution of synchrotron to the FIR spectrum, so do not attempt more complex fitting describing spectral turn-overs (for example CLASS B1422+231 shown in Fig. B1 of the Appendix). The SEDs of flat spectrum radio sources will likely turn down at higher frequencies and have a negligible synchrotron contribution in the FIR (for example, CLASS B1127+385 in Fig. B1 ). In some cases, there is a suggestion that the synchrotron emission turns down towards the sub-mm (for example, Q0957+561, suggested by an upper limit at 230 GHz) so we assume this does not contribute substantially to the FIR emission. We choose not to fit a synchrotron component where there is a single radio detection as we have no knowledge of the spectral behaviour, and, as these single measurements typically correspond to lower luminosities, the FIR contribution will be small. We use a characteristic modified black-body,
to describe the heated dust component, where h is the Planck constant, k is the Boltzmann constant, T d is effective dust temperature, and β is the emissivity index, which determines the steepness of the Rayleigh-Jeans slope of the spectrum. The Python implementation emcee (Foreman-Mackey et al. 2013) was used to build a Markov Chain Monte Carlo (MCMC) analysis of the fitted SED for each data set, allowing the dust temperature and normalization as free parameters to sample the posterior probability distribution of the model. Where possible, we also leave β as a free parameter in the model, allowing for a test of the range of dust emissivities that are consistent with the data. However, fitting for β requires at least four data points to constrain the peak and Rayleigh-Jeans slope of the modified black-body function. For many sources, our Herschel/SPIRE data are the only measurement in the FIR-sub-mm regime. Thus, we assume a value of β = 1.5 for these sources, as is frequently applied in the literature (Magnelli et al. 2012 , for example). Various combinations of T d and β have been found for samples of high-redshift quasars. For example, Priddey & McMahon (2001) find an average of T d = 41 ± 5 K and β = 1.95 ± 0.3, whereas Beelen et al. (2006) find an average of T d = 47 ± 3 K and β = 1.6 ± 0.1 for their sample. For the sources that were not detected, or had only one detection to constrain the fit, we assume the median fitted dust temperature of the sample (38 K, see Fig. 6 ) and β = 1.5, and fit only for the normalization. For these sources with only one detection, we fit the 16th and 84th percentile values of the median fitted temperatures to estimate our errors on the FIR luminosity. As β is highly correlated with T d , errors on the derived properties of sources without β-fitting may be underestimated. However, the FIR luminosity is not strongly affected by our assumptions due to the joint dependency of T d , β and normalization, so this will not have a significant effect on the inferred values of L FIR or SFR. This is unsurprising, as the luminosity is derived by the integral of the fit defined by the data points.
For the purpose of spectral fitting, the ten sources without a known redshift are assumed to have z = 1.8, equivalent to the median redshift of the sample. The choice of redshift significantly affects the luminosity-distance, thus these objects are not included in the overall statistics.
For three sources (APM 08279+5255, H1413+117 and IRAS F10214+4724) there is sufficient data in the mid-IR (MIR) to motivate fitting a two-temperature dust model. Table 3 shows the number of sources fitted with each combination of spectral parameters.
We have included posterior probability distributions of the MCMC output of the SED fit for three sources, to show the correlation between the various fitting parameters and highlight the effect of sparse sampling of the SED. Fig. 7 shows the result for APM 08279+5255, where there is sufficient data to fit seven spectral parameters. In Fig. 8 , we compare the results for two sources: PSS J2322+1944, where the peak of the dust emission and the Rayleigh-Jeans slope are both well constrained, and Q 1208+101, where the peak is poorly constrained. 
Physical properties
The dust temperature, FIR luminosity and SFR of 69 gravitationally-lensed AGN in our sample are listed in Table A2. We give both the results from the MCMC analysis and those from least-squares fitting. The values from the MCMC analysis are the median, 16th and 84th percentile of the posterior probability distributions. We give upper limits for the remaining 30 sources of the sample with insufficient detections, and the further 5 that appear to be synchrotron dominated. For clarification, a summary of median values of various properties we derive and an explanation of the objects included in these statistics are given in Table 5 .
A histogram of the dust temperatures derived directly from the modified black-body fits is shown in Fig. 6 . Where a model with two dust components are fit, we include only the colder component here. We find a median of T d = 38 +12 −5 K for the 53 sources with fitted dust temperatures and known redshifts, 51 of which have dust temperatures < 60 K that, as we discuss in Section 4, can be reasonably attributed to be due to heating by star formation.
The FIR luminosity (L FIR ) is derived for all sources with fitted modified black-body spectra by integrating the fitted modified black-body spectra between the rest-frame wavelengths 40 and 120 µm, using the definition of the FIR regime given by Helou et al. (1988) , that is,
where z is the redshift and D L is the luminosity distance. We then extrapolate to the total infrared luminosity (8 to 1000 µm; restframe) using the colour correction factor of 1.91 given by Dale et al. (2001) (i.e. L IR = 1.91 L FIR ) to correct for the contribution from MIR spectral features. The methodology used to calculate the star formation rate (SFR) is that given by Kennicutt (1998) , assuming a Salpeter initial mass function,
where L IR is in units of L . In Figs. 9 and 10, we show the FIR luminosity uncorrected for lensing magnification based on the fitted SED models as a function of redshift and dust temperature, respectively. Note that the dust temperature is invariant to the lensing magnification in the absence of strong differential magnification. The uncorrected luminosity as a function of redshift (Fig. 9) shows a clear trend in the data, from ∼ 10 12 L at redshift 0.5-1 to ∼ 10 13 -10 14 L at redshift 3-4. We use the bhkmethod task in the STSDAS statistics package to compute the Kendall correlation test, taking into account the luminosity upper limits. The Kendall statistic τ quantifies the degree of correlation (from −1 for a strong anti-correlation, 0 for no correlation, to 1 for a strong positive correlation) and the significance of this is given by the probability (p), for which < 0.05 we take as statistically-significant. Our data shows a correlation in temperature with redshift (τ = 0.64, p = 4 × 10 −4 ) and in temperature with L FIR (τ = 0.77, p < 1 × 10 −4 ). We find a large spread of L FIR , as is clear from Fig 10: the low luminosities are associated with low temperatures and low redshifts, and the high luminosities with high redshifts and generally higher dust temperatures. The 6 sources with measured luminosities < 1.5 × 10 12 L (corresponding to magnification-corrected SFRs < 50 M yr −1 ) are associated with dust temperatures < 25 K and/or redshifts z < 1.5. These trends can be explained by observational bias given the wavelength limits of the Herschel/SPIRE bands and the flux-limits of our observations, which approximately correspond to the luminosity detection limit shown in Fig. 9 .
In Fig. 11 , we present the dust emissivity as a function of dust temperature. We find a strong anti-correlation (τ = −1.30, p < 1 × 10 −4 ) between the parameters. This effect is expected for internally-heated dust clouds (Juvela & Ysard 2012b) . However, it is not clear to what extent this correlation is a reflection of the 'true' β-T d relation, as the effect of source blending or observational noise may cause an artificial steepening of the anticorrelation, as noted by Juvela & Ysard (2012a) . The shallow β Figure 7 . Two-dimensional probability densities of the MCMC output for the SED fitting of APM 08279+5255, fit with all parameters: T1, low dust temperature (observed); T2, high dust temperature (observed); K1, K2, K3, log normalizations of the dust and synchrotron fits; β, the emissivity index; α, the synchrotron power-law index. Also shown is L FIR . The blue points on the corner plot show the least-squares parameters. The SED is shown above, with 100 random samples of the MCMC in black and the least-squares model in red.
values may be a result of fitting a composite of dust emission from star formation and AGN-heating with a single greybody, when multiple components are required (see HS 0810+2554, Section C1 in the Appendix). These problems further highlight the need for more multi-frequency data to better sample the SED and to reduce fitting errors due to observational noise.
DISCUSSION
In this section, we investigate the global properties of the sample of gravitationally-lensed quasars and compare them with samples of unlensed FIR bright quasars and star-forming galaxies.
Comparison to DSFGs
We select the unlensed DSFGs observed with Herschel/SPIRE by Magnelli et al. (2012) (hereafter, M12) for comparison with . If the dust emission we detect is related to dust-obscured star formation, we expect dust temperatures comparable to DSFGs. Further to this, if DSFGs are antecedent to quasars, we would expect some fraction of our quasar sample to be FIR-luminous with star formation rates that are comparable to DSFGs.
We show in Figs. 12 and 13 the FIR luminosity against redshift and against dust temperature, respectively, for our sample and the M12 DSFGs. The median fitted dust temperature of our sample is 38 +12 −5 K (ranges are the 25th and 75th percentiles) for 53 objects with sufficiently constrained SEDs and redshifts. This is consistent with the M12 DSFGs, which have a median temperature of 36 +4 −9 K, typical of star-forming galaxies at z ∼ 2.
We apply the Kaplan-Meier (K-M) method to estimate the underlying distribution of FIR luminosities, taking into account the upper limits, using the task kmestimate in the STSDAS statistics package. This method assumes a randomly censored distribution: while this seems counter-intuitive as we have a fixed flux-density limit, our redshift range spans several orders of magnitude in luminosity distance so the sample is effectively randomly censored. We find a K-M estimated median, 25th and 75th percentiles of 3.6 +4.8 −2.4 × 10 11 L for the intrinsic luminosities for 94 objects with redshifts, including 63 detections and 31 upper limits, compared to 5.8
11 L for just the 63 objects with detected dust emission and known redshifts. The K-M estimated median of SFRs in our sample is 120 The SEDs determined here clearly demonstrate that 69 objects (66 percent) of our sample show evidence for heated dust emission at FIR to sub-mm wavelengths (these SEDs are shown in Fig. B1 of the Appendix). Also, given the similar dust temperatures of our lensed quasar sample and the DSFGs studied by M12, there is at least circumstantial evidence that this dust heating is due to star formation activity. Approximately 10 percent of the sample have extreme star-formation rates > 1000 M yr −1 comparable to typical, unlensed DSFGs at z ∼ 2-4 detected in Herschel/SPIRE. The SFRs of these lensed quasars are consistent with sources that are transitioning from DSFGs to UV-bright quasars according to the Sanders et al. evolutionary model. The rest of the detected sample have still extreme SFRs similar to the lower luminosity DSFGs selected at z < 1.5, but there is no clear cut-off at low SFR. The range of SFRs we find (< 20-10000 M yr −1 ) is consistent with sources at different stages of evolution, and is not too surprising given the heterogeneous nature of our sample. Nevertheless, the high detection rate in the Herschel/SPIRE bands implies that most quasars are FIR-luminous sources with a strong coexistence of extreme dustobscured star formation and AGN activity. This result implies a transition time from quasar-starburst to unobscured, gas-poor system of the order of the lifetime of the quasar (i.e. 100 Myr), rather than much shorter timescales of ∼ 1 Myr, as has been suggested (Simpson et al. 2012) . Further studies, including spectral line data of the molecular gas in these systems, are required to understand anything of the gas reservoirs and depletion times, or make any conclusions regarding possible implications for AGN and stellar feedback.
Comparison by radio properties
Using the two-sample K-S test (described in Section 3.1) we compare the derived L FIR distributions of the jetted subsample with the Figure 9 . FIR luminosity (40-120 µm) against redshift for the 94 objects in our sample with known redshift. This includes 53 with fitted dust temperatures, 10 with fixed dust temperatures, and 31 upper limits. The measured luminosities are shown in red, with no magnification correction. The grey line shows the estimated luminosity detection limit for a source with T d = 38 K and β = 1.5, assuming a 3σ detection limit based on the mean RMS noise in each Herschel/SPIRE band. This is an overestimate at low redshift, as sources with lower dust temperatures will be preferentially detected, likewise, this is an overestimate at high-redshift where there will be bias towards higher temperature sources. Extreme dust-obscured star formation in quasar host galaxies 13 Figure 11 . β against effective dust temperature for 18 objects in our sample with fitted β and known redshift. The colour scale indicates source redshift.
remaining quasars in the sample. We do not correct for the lensing magnification here to prevent any bias due to our assumptions about the magnification factor of the heated dust. Including all measured luminosities and upper limits (excluding those without redshifts), the test returns a probability of 0.23 that these subsamples are drawn from the same underlying distribution. The K-M estimated median, 25th and 75th percentiles of the FIR luminosity is 1.6 +10 −1.5 × 10 12 L for the jetted subsample and 3.7 +3.5 −2.4 × 10 12 L for the remaining quasars. While the jetted subsample has a larger distribution of luminosities, the test suggests that the difference in the luminosity distributions is not statistically-significant.
A combination of systematic biases and the smaller size of the jetted subsample may affect our findings. We note that quasars with radio jets tend to be hosted in more massive galaxies (Mandelbaum et al. 2009 ), thus our jetted subsample may be biased towards larger FIR luminosities and hence larger SFRs. At present, we do not have data to account for the stellar mass of the galaxies in our sample.
The median, 25th and 75th percentiles of the redshifts are 1.7 +0.9 −0.3 for the jetted subsample and 1.8 +0.6 −0.3 for the non-jetted. Despite the fact that the sample selection between these groups is different, with the jetted quasars generally selected in the radio by source properties and the non-jetted objects typically selected by lens population, the redshift distributions of the two groups are similar and therefore not a substantial source of systematic bias.
Our result is consistent with the conclusions of Barvainis & Ivison (2002) who found no statistically-significant difference in 850 µm luminosity between their samples of quasars and radio galaxies. Other studies have found no significant differences in the star-forming properties of quasars by radio mode. Harris et al. (2016) analysed a sample of optically-luminous quasars at redshifts between 2 and 3 through stacking, of which 95 percent are unde- Table 4 . Kaplan-Meier (K-M) estimated 50th, 25th and 75th percentile ranges of the FIR luminosity distributions of the jetted and non-jetted subsamples. This includes the 92 objects in our sample with radio measurements and known redshifts. We give the number of values, N, and in brackets the number of upper limits. We also give the results when the subsamples are selected by q IR value, and the K-S test probability that these samples are drawn from the same underlying distribution. tected individually with Herschel/SPIRE. They find a mean SFR of 300 ± 100 M yr −1 , consistent with our overall result, but find no correlation with black hole accretion. A recent study by Pitchford et al. (2016) of higher luminosity quasars with Herschel/SPIRE also find no relation between AGN accretion/outflows and the FIR properties of their host galaxies. Alternatively, Kalfountzou et al. (2014) studied a stacked sample of quasars and do find a positive correlation between jet activity and FIR luminosity for jetted quasars, defined by a 5 GHz/4000 Å ratio >10. However, they find average SFRs to be comparable for jetted and non-jetted quasars, except at low optical luminosities.
Overall, our results do not point towards there being an enhancement in the FIR luminosity of jetted quasars and radio galaxies, relative to the non-jetted quasars in our sample. However, a more complete understanding of this result, particularly given the contradictory studies discussed above, will require detailed observations of individual objects. In this respect, our investigation of lensed quasars from within our sample will again be important since it will allow the radio-jets, (stellar) host galaxy and the heated dust to be mapped on small angular-scales.
Radio-infrared correlation
The radio-infrared luminosity correlation for star-forming galaxies has been well established for several decades. The relation is described by the parameter q IR , the ratio between the total infrared luminosity (8 to 1000 µm; rest-frame) and the 1.4 GHz rest-frame luminosity, defined by Condon et al. (1991) as,
We explore the radio-infrared correlation for our sample to evaluate the contributions from star formation to the radio and FIR emission; for example, those sources above the correlation would have an excess of non-thermal synchrotron emission and those below the correlation would have an excess of thermal dust emission in the FIR, both of which could be related to the presence of a significant AGN contribution to the respective wavelength regimes (Sopp & Alexander 1991) . Ivison et al. (2010) find q IR = 2.40±0.24 for a flux-limited sample of sources selected from Herschel/SPIRE at 250 µm with VLA flux-densities at 1.4 GHz. We plot the restframe radio and IR-luminosity for the sample in Fig. 14 and the median q IR from Ivison et al. for reference. We interpolate or extrapolate to the rest-frame 1.4 GHz (depending on the low-frequency data available) by fitting the radio SEDs with a power-law, as given Figure 12 . FIR luminosity (40-120 µm) and equivalent SFR against redshift for lensed quasars in this sample (94 objects, excluding those without known redshifts) and for the M12 DSFGs (46 objects). The quasar luminosities are magnification-corrected (see Section 3.3). Magnification factors for seven sources are given in Table 2 . Where the magnification factor is unknown, a we assume a value of 10 +10 −5
. The grey line shows the luminosity detection limit for a source with T d = 38 K and β = 1.5, assuming a 3σ detection limit. Figure 13 . FIR luminosity against dust temperature for our lensed quasar sample (53 objects, with fitted dust temperature and known redshift) and for the M12 DSFGs (46 objects). Quasar luminosities are magnification-corrected (see Section 3.3). The colour scale indicates source redshift.
by equation (1). A spectral index of α = −0.70±0.14 is assumed for those objects with a single radio measurement, which is typically at 1.4 GHz from NVSS or FIRST. As above, we do not account for magnification to prevent bias due to our assumptions about the magnification factor of the dust emission. The q IR values for the radio-detected quasars are shown in Fig. 15 .
We find that almost all of the jetted quasars lie significantly above the radio-infrared correlation for star-forming galaxies, by up to 3 to 4 orders of magnitude in rest-frame 1.4 GHz luminosity, and thus have q IR values below that obtained by Ivison et al. (2010) . This is to be expected as these are all powerful radio sources that are known to be dominated by synchrotron emission associated with AGN activity; the core and jet components of many sources are well studied as part of the CLASS, MG and PMN gravitational lens surveys. We note that the average magnification factors of jetted radio sources will likely be higher than that of the dust, as the radio emission comes from a more compact region, although how much higher will be dependent on where the radio source lies relative to the lens and the lensing caustics. In such cases, the inferred q IR values may be lower if the radio component is boosted relative to the dust heated by star formation. However, we do not expect this to alter our conclusions as the effect will only be significant for sources with extremely compact radio emission associated with jets and, in almost all cases, this will not produce the several orders of magnitude difference needed to account for the offset from the correlation seen in Fig. 15 .
Quasars whose radio emission is associated with star formation are not expected to have significantly different magnifications between the radio and FIR, and so should remain close to the radioinfrared correlation for star-forming galaxies. Only 19 quasars in our sample classified as non-jetted have radio detections, of which only 2 are confirmed to have radio emission that is dominated by star formation (IRAS F10214+5255 and RX J1131−1231), the rest are currently undetermined. We observe a scatter around the radioinfrared relation for the non-jetted quasars. The scatter above the Ivison et al. relation may be due to contributions to their radio emission from low-power radio jets, or possibly additional radio emission from the foreground lensing galaxy. As the radio components of these sources have not yet been observed at a high enough angular resolution, it is not clear whether the apparent radio power dichotomy represents a true bi-modality in emission mechanism.
Recent studies point towards synchrotron emission from star formation as the dominant source of radio emission in nonjetted quasars (Padovani 2016, for review) . However, evidence of a milliarcsecond-scale jet in the classically radio-'quiet' lensed quasar HS 0810+2554 (part of our sample) suggests that it is not correct to assume that star formation is the primary radio emission mechanism in all cases (Hartley et al. in prep) . There may be a composite of emission processes, or a further sub-population of quasars with low-power radio jets. Most of the detected radio-'quiet' quasars in our sample have q IR values around the Ivison et al. relation, within the expected scatter. Deeper, higher spatial resolution observations of these sources are required to determine whether they hold to the relation, indicating whether the radio and FIR emission are indeed dominated by star formation. The radio upper limits in Fig. 14, due to non-detections in FIRST and NVSS, indicate that this population of quasars would be found in the ∼ µJy regime as proposed by White et al. (2007) , if star formation dominates.
We add eleven of the non-jetted quasars with radio detections more than 2σ above the radio-infrared correlation to our jetted subsample to refine our subsamples 9 , under the assumption that the radio excess is due to AGN activity within the background object and not from the foreground lensing galaxy.
We again perform the K-S test on the FIR luminosity distribution of the samples with measured L FIR and radio emission, as before, and find the probability that they are drawn from the same sample decreases from 0.23 to 0.06, but is still not statisticallysignificant. The K-M-estimated median is higher for the objects which do not have a radio excess: 1.3
12 L for the new jetted subsample and 4.1
12 L for the remaining sources (as above, the uncertainties are at the 25th and 75th percentiles). It is possible that different FIR properties are simply caused by the small number of detections in the jetted subsample.
Notably, HS 0810+2554 lies below the radio-infrared relation with a q IR value of 2.90 despite having radio jets that dominate its radio emission. In Section C1 of the Appendix we explore the possibility that this is caused by fitting a single temperature dust model to a composite of AGN and star-formation-heated dust. It is possible this is also the case for another 7 sources with larger fitted dust temperatures (T d > 60 K) that appear to be outliers from the bulk of the sample (see Fig. 13 ) and would explain some of the observed anti-correlation between β and T d (as shown in Fig. 11 ). Interestingly, when we apply a two-temperature model to HS 0810+2554 (described in Section C1), the corrected q IR lies within the 2σ range of the radio-infrared correlation amidst the non-jetted sources. This suggests that the correlation may not be a reliable method of isolating jet-dominated quasars in the case of radio-weak AGN. If indeed quasars with radio jets are misidentified as non-jetted, this may cause or mask differences in the FIR properties between the subsamples.
The fact that no sources lie below the expected q IR range in Fig. 14 implies that we do not significantly overestimate the FIR luminosity due to an additional un-modelled AGN component in the dust emission, with the exception of HS 0810+2554. We note that APM 08279+5255, which has the most well defined SED and is fitted here with a two-temperature dust model, falls exactly on the radio-infrared correlation with a q IR value of 2.40. Therefore, with sufficient data in the MIR and sub-mm it will be possible to better isolate the star-forming contribution to the SEDs. However, the radio and FIR luminosities derived for our current Herschel/SPIRE dataset, like in the case of the fitted dust temperatures, appear to be consistent with star formation being the dominant mechanism for heating the dust.
CONCLUSIONS
According to the current paradigm of galaxy evolution, some fraction of the quasar population is expected to be transitional sources from DSFGs to UV-luminous quasars. These transition sources will be FIR-luminous, with clear evidence of ongoing star formation. However, only a handful of extremely FIR-luminous sources have been studied thus far due to the limitations in observational sensitivity, and then at wavelengths relatively insensitive to T d and L FIR . In order to study the link between DSFGs and quasars, we observed 104 gravitationally-lensed quasars with the Herschel/SPIRE instrument at 250, 350 and 500 µm to determine the fraction that are FIRluminous. Due to the magnification effects of gravitational lensing, Figure 14 . The radio-infrared correlation for 102 quasars in our sample, excluding WFI J2026−4536 and WFI J2033−4723 for which there are no radio data available. The median q IR for star-forming galaxies from Ivison et al. (2010) is shown in yellow; the shaded region is 2σ qIR . Figure 15 . The radio-infrared factor, q IR , for 53 quasars in the sample with radio detections. The median q IR for star-forming galaxies from Ivison et al. (2010) is shown in yellow; the shaded region is 2σ qIR . Table 5 . A summary of the objects used for our statistics. We give the median, 25th and 75th percentiles of certain properties, the number of measurements (N) this includes (number of limits, in brackets, where included), relevant figures within the paper, and an explanation of which objects are included in the selection. We give magnification-corrected luminosities here, but the selection is the same for the uncorrected luminosities and SFRs. we are able to measure the star-forming properties of individual quasars at lower intrinsic luminosities than those previously studied and thus more representative of the quasar population. We find most sources in our sample have magnification-corrected FIR luminosities below the estimated detection limit, a factor of 10 lower on average. From our study, we detected 72 (69 percent) of the gravitationally-lensed quasars in at least one band with Herschel/SPIRE, and find evidence for heated dust emission in 69 (66 percent) of the objects given the shape of their SEDs. By fitting modified black bodies to our new measurements and to data in the literature, we derive a median µ FIR × L FIR of 3.6 −5 K for 53 objects with redshifts and sufficiently constrained SEDs to fit for the dust temperature, which is characteristic of ongoing dust obscured star formation. We compare our sample of gravitationally-lensed quasars to a sample of DSFGs observed with Herschel/SPIRE at similar redshifts and find similar dust temperatures, which gives circumstantial evidence of star formation being the dominant mechanism for heating the dust. We find ∼ 10 percent have similar SFRs to DSFGs, suggestive of sources transitioning from DSFGs to UV-luminous quasar, and a large range of SFRs < 20-10000 M yr −1 . Finally, using the radio-infrared correlation for star-forming galaxies, we find that the jetted quasars, selected by measured jet emission based on high resolution radio data, show an excess of radio luminosity by of up to 4 orders of magnitude. Non-jetted quasars lie close to the correlation expected for star-forming galaxies, however, the scatter above the correlation suggests at least some of these sources have contributions to their radio emission from AGN activity. We do not find evidence for an excess of FIR emission in the sample, given their radio luminosities, which again supports the view that the dust heating is dominated by star formation.
We find no significant difference in the L FIR distribution of our jetted and non-jetted subsamples. Non-jetted quasars are three times as luminous on average when we select jetted sources by their radio excess relative to the radio-infrared correlation, however the difference is not statistically-significant. We caution that further data are required to eliminate the possibility of a systematic bias due to stellar mass or small sample sizes. Radio investigations are also required to identify the radio emission mechanism (and hence AGN feedback mechanisms) associated with non-jetted quasars, as our results suggest that the radio-infrared correlation may not be sufficient to identify sources with jet-dominated radio emission.
Our results reveal a strong co-existence of AGN activity and host galaxy star formation in quasars, as proposed in the Sanders et al. model. We find that this is true for the majority of quasars, suggesting that the FIR-luminous quasar phase is not distinct from the unobscured quasar phase and there is no sharp transition between them. However, our analysis is limited by the available observational data, which prevents us from making definitive statements about the implications for AGN and stellar feedback models. More photometric data points in the mm and sub-mm are needed to reduce the errors and assumptions in SED fitting, and thus the derived host galaxy properties. With additional MIR data, we can fit the AGN contribution to the dust heating and derive better constraints on the SFR for these sources. Much progress can also be made with the advent of ALMA, where the extent of the heated dust emission can be mapped on 50-500 mas-scales, which given the magnifications provided by the gravitational lenses, will also allow structures < 50 pc in size to be resolved. In addition, through high resolution imaging of the mm-emission from these sources, it will also be possible to determine robust wavelength-dependent magnifications from lens modelling, which will further reduce the uncertainties in our analysis for individual objects. Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA.Herschel/SPIRE has been developed by a consortium of institutes led by Cardiff University (UK) and including Univ. Lethbridge (Canada); NAOC (China); CEA, LAM (France); IFSI, Univ. Padua (Italy); IAC (Spain); Stockholm Observatory (Sweden); Imperial College London, RAL, UCL-MSSL, UKATC, Univ. Sussex (UK); and Caltech, JPL, NHSC, Univ. Colorado (USA). This development has been supported by national funding agencies: CSA (Canada); NAOC (China); CEA, CNES, CNRS (France); ASI (Italy); MCINN (Spain); SNSB (Sweden); STFC, UKSA (UK); and NASA (USA). HIPE is a joint development (are joint developments) by the Herschel Science Ground Segment Consortium, consisting of ESA, the NASA Herschel Science Center, and the HIFI, PACS and SPIRE consortia.
This research has made use of the NASA/ IPAC Infrared Science Archive, which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration.
iraf is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for Research in Astronomy (AURA) under co-operative agreement with the National Science Foundation. STSDAS is a product of the Space Telescope Science Institute, which is operated by AURA for NASA. Table A1 . Herschel/SPIRE measurements of the lensed quasar sample. We give the lens name, whether the object is jetted (J) or non-jetted (N), the maximum separation of the lensed images (∆θ), the source redshift (z s ), the measured flux-densities at 250, 350, and 500 µm, and in brackets, the uncertainty from the source extraction. We comment on notable features of the lens system or with a † denote any issues with the flux-density measurements not discussed in Section 2.4. Redshifts and image separations are from the CASTLES catalogue (Kochanek et al. 1999) Table A2 . We give the FIR luminosities (40-120 µm) and star formation rates of the quasar sample, derived from both the least squares SED fit and the median, 16th and 84th percentiles from the MCMC analysis. The values are not corrected for lensing magnification (µ FIR ). Where objects are fit with two-temperature dust models, both temperatures are reported but the lower temperature is used for estimation of L FIR (i.e. luminosity due to star formation) and SFR. Square brackets denote temperature fits where the source is synchrotron-dominated (noted in the comments), which are used only to derive upper limits on the dust emission.
Least squared MCMC
Lens Name Extreme dust-obscured star formation in quasar host galaxies 29 Figure B1 . Included here are 69 SEDs for the quasars in our sample with fitted SEDs, excluding synchrotron-dominated sources (see Fig. B2 ). The legend details the free parameters of the model and their least squared values, excluding the normalization (FIR luminosities are given in Table A2 ). Where β is not given, it is fixed to 1.5. For objects with T fixed, the dust temperature is set to 38 K, the median of the sample. For composite spectra, modified black-body fits are in red, synchrotron in cyan, and the total spectrum in green. The Herschel/SPIRE bandwidth is in grey. As we discuss in Section 3.4, we do not attempt to fit complex synchrotron components in cases where there is a suggestion that the synchrotron emission is falling off towards the sub-mm or if there is only one detection. Table B1 . Data from the literature shown in our SEDs in Fig. B1 . Data points in the FIR-sub-mm frequency range that have been excluded from our SED fitting are denoted by †. Any radio data not given here are upper limits from FIRST (Becker et al. 1995 , < 1 mJy) or NVSS (Condon et al. 1998 , < 2.5 mJy) at 1.4 GHz. BI02 refers to Barvainis & Ivison (2002 Carilli et al. (2001) 
